Constraining light dark matter with diffuse X-ray and gamma-ray observations by Essig, Rouven et al.
J
H
E
P11(2013)193
Published for SISSA by Springer
Received: September 26, 2013
Accepted: November 18, 2013
Published: November 26, 2013
Constraining light dark matter with diffuse X-ray and
gamma-ray observations
Rouven Essig,a Eric Kuflik,b Samuel D. McDermott,c,d Tomer Volanskyb
and Kathryn M. Zurekc
aC.N. Yang Institute for Theoretical Physics,
Stony Brook University, Stony Brook, NY 11794, U.S.A.
bRaymond and Beverly Sackler School of Physics and Astronomy,
Tel-Aviv University, Tel-Aviv 69978, Israel
cMichigan Center for Theoretical Physics,
University of Michigan, Ann Arbor, MI 48105, USA
dTheoretical Astrophysics Department,
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, U.S.A.
E-mail: rouven.essig@stonybrook.edu, ekuflik@gmail.com,
mcdermod@umich.edu, tomerv@post.tau.ac.il, kzurek@umich.edu
Abstract: We present constraints on decaying and annihilating dark matter (DM) in
the 4 keV to 10 GeV mass range, using published results from the satellites HEAO-1,
INTEGRAL, COMPTEL, EGRET, and the Fermi Gamma-ray Space Telescope. We derive
analytic expressions for the gamma-ray spectra from various DM decay modes, and find
lifetime constraints in the range 1024 − 1028 sec, depending on the DM mass and decay
mode. We map these constraints onto the parameter space for a variety of models, including
a hidden photino that is part of a kinetically mixed hidden sector, a gravitino with R-
parity violating decays, a sterile neutrino, DM with a dipole moment, and a dark pion.
The indirect constraints on sterile-neutrino and hidden-photino DM are found to be more
powerful than other experimental or astrophysical probes in some parts of parameter space.
While our focus is on decaying DM, we also present constraints on DM annihilation to
electron-positron pairs. We find that if the annihilation is p-wave suppressed, the galactic
diffuse constraints are, depending on the DM mass and velocity at recombination, more
powerful than the constraints from the Cosmic Microwave Background.
Keywords: Cosmology of Theories beyond the SM, Supersymmetric Effective Theories,
Supersymmetry Breaking
ArXiv ePrint: 1309.4091
Open Access doi:10.1007/JHEP11(2013)193
J
H
E
P11(2013)193
Contents
1 Introduction 1
2 Constraining light dark matter with diffuse photons 3
2.1 Flux from dark matter decays and annihilations 3
2.2 Data 5
2.3 Statistical methodology 6
3 Models of decaying light dark matter 6
3.1 Hidden photino 7
3.2 Sterile neutrino 9
3.3 Gravitino dark matter 11
3.4 Dipole DM 12
3.5 Dark (pseudo-)scalars 13
4 Model-independent bounds and spectra 14
4.1 Two-body decays involving a photon 14
4.2 Two-body decays with FSR 15
4.3 Two-body cascade decays 16
4.4 Three-body decays with FSR 17
4.5 Three-body decays involving photons 18
5 Annihilating light dark matter 19
6 Conclusions and future improvements 20
A Constraints with fits to astrophysical backgrounds 21
1 Introduction
A wide variety of precision astrophysical and cosmological observations have corroborated
the existence of dark matter (DM), without providing any conclusive indications of its
nature or its non-gravitational couplings to the Standard Model (SM). For the past 30 years,
a broad experimental program has attempted to uncover the DM properties. However, the
vast majority of the existing experiments search either for Weakly Interacting Massive
Particles (WIMPs) or for axions, overlooking other theoretically viable and motivated
possibilities. One interesting possibility is light dark matter (LDM) in the keV to 10 GeV
mass range. In this paper, we focus on such DM and study constraints from existing
indirect searches.
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A large class of models can accommodate DM with sub-GeV masses, see, e.g., [1–9].
Such DM can be probed at colliders [10–15], at direct detection experiments [9, 16, 17],
and at proton- and electron-beam dumps [18–23]. Constraints from the Cosmic Microwave
Background (CMB) already limit the s-wave DM annihilation cross section to SM matter
to be below that of a thermal WIMP, for DM masses below ∼ 7 GeV [24–27].
While DM decays are less constrained by early Universe cosmology, stringent con-
straints can be placed on decaying DM from observations of the galactic and extra-galactic
diffuse X-ray or gamma-ray background. The lifetime of Weak-scale DM is constrained from
observations with the Fermi Large Area Telescope (Fermi LAT) to τ & 1026 sec [28–32],
many orders of magnitude larger than the age of the Universe. For DM below O(100 MeV),
the usual gamma ray constraints from the Fermi LAT do not apply, although the instru-
ments on several other satellites (listed in table 1 below) are sensitive to photons with
energies well below a GeV. The available data cover a photon energy range from 10’s of
GeV down to a few keV, providing the possibility of exploring a much broader range of DM
candidates than WIMPs. Indeed, some of these data have already been utilized to constrain
LDM, see, e.g., [33–44]. Sterile neutrinos with a mass ∼ O(1 − 10 keV) are a particularly
popular candidate and their constraints have been explored in, e.g., [36, 38–40, 45–51, 51–
57]. Below a few keV, thermal DM candidates become too warm to adequately explain
the formation of structure in the Universe, so that such candidates necessarily have a mass
above the lower energy bound accessible by these satellite experiments.
The goal of this paper is to derive constraints on light DM candidates in the keV to
10 GeV mass range, using the diffuse photon spectra data listed in table 1. We update
and extend several results in the literature. Taking a largely model-independent approach,
we discuss a wide range of DM decay topologies. We consider photons that are produced
directly in the decay or from final state radiation (FSR) of charged particles that are pro-
duced in two- or three-body decays. We map our results onto several known LDM models,
and show limits on the corresponding model parameter space. For example, we consider
constraints on a kinetically mixed supersymmetric hidden sector (with the hidden photino
decaying to G˜γ or G˜e+e−, with G˜ the gravitino) and a sterile neutrino (with the sterile
neutrino decaying to a neutrino and a photon). While the constraints we derive are robust,
they are based on published data. Consequently, they can easily be improved by optimizing
the search regions and taking better account of the signal and background fitting.
While our focus is on decaying DM, we also consider annihilating DM. A thermal relic
with a p-wave (or velocity suppressed) annihilation cross section is less constrained from
CMB data than s-wave annihilation, since DM is cold at the CMB epoch. For this case, we
find that the limits from the diffuse background can be more constraining than the CMB.
The outline of the paper is as follows. In section 2, we review both the expected signals
resulting from DM decays and annihilations as well as the relevant gamma-ray and X-ray
observatories (HEAO-1, INTEGRAL, COMPTEL, EGRET, Fermi). We further discuss
our methods for placing the limits on such DM. In section 3, we discuss models of decaying
light DM such as decaying gravitinos, sterile neutrinos, and hidden photinos. For each
model we map the lifetime constraints onto constraints of the model parameter space. In
section 4, we take a model-independent approach and constrain the lifetime for various
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Experiment Emin Emax Ω J
NFW
D(A) J
Moore
D(A) J
IsoT
D(A) J
Ein,0.17
D(A) J
Ein,0.12
D(A) J
Ein,0.20
D(A)
HEAO-1 [63] 4 keV 30 keV
58 ≤ ` ≤ 109◦ ∪
238 ≤ ` ≤ 289◦,
20◦ ≤ |b| ≤ 90◦
3.88
(2.16)
4.06
(2.22)
4.33
(2.24)
3.79
(2.09)
3.76
(2.05)
3.80
(2.11)
INTEGRAL [64] 20 keV 1 MeV
|`| ≤ 30◦,
|b| ≤ 15◦
3.65
(18.4)
3.80
(24.4)
2.77
(5.08)
4.20
(30.9)
4.73
(59.9)
3.95
(23.2)
COMPTEL [65–67] 1 MeV 15 MeV
|`| ≤ 60◦,
|b| ≤ 20◦
6.82
(23.1)
7.03
(29.1)
5.91
(8.69)
7.48
(36.4)
8.10
(66.0)
7.19
(28.3)
EGRET [68, 69] 20 MeV 6 GeV
0 ≤ ` ≤ 360◦,
20◦ ≤ |b| ≤ 60◦
13.0
(10.9)
13.5
(11.0)
14.0
(10.1)
12.9
(11.5)
13.0
(12.0)
12.9
(11.3)
Fermi [70] 200 MeV 10 GeV
0 ≤ ` ≤ 360◦,
8◦ ≤ |b| ≤ 90◦
21.9
(22.0)
22.8
(22.5)
23.3
(17.9)
22.0
(25.4)
22.3
(28.5)
21.9
(24.0)
Table 1. Energy ranges, solid angles, and values of JD (JA) for various DM density profiles. The
NFW profile is taken from [58, 59], the Moore profile from [60], and the cored isothermal profile
can be found in [61]. The profiles “Ein, α” are Einasto profiles [62] with slope parameter α.
decay topologies. section 5 is devoted to constraints on the annihilation cross-section of
light DM to electron-positron pairs. We conclude in section 6.
2 Constraining light dark matter with diffuse photons
In this section, we discuss the data and the statistical method we use to place constraints on
decaying and annihilating LDM. We begin with a brief review of the expected signal rate.
2.1 Flux from dark matter decays and annihilations
Given a DM annihilation or decay spectrum, dNγ/dEγ , and a galactic DM density profile,
ρ(r), the galactic contribution to the differential photon flux per unit energy is given by,
dΦγ,G
dE
=
1
2α−1
r
4pi
ρ
mDM
ΓD,A
dNγ
dE
JD,A . (2.1)
Here r ' 8.5 kpc is the Sun’s distance from the Galactic center, ρ = 0.3 GeV/cm3
is the local DM density, α = 1 (2) for DM decays (annihilations), ΓD is the decay rate,
ΓA = (ρ/mDM)〈σv〉 is the thermally averaged annihilation rate, and
JD,A =
∫
l.o.s.
ds
r
[
ρ(s)
ρ
]α
dΩ, (2.2)
is a dimensionless quantity that describes the density of decays or annihilations along the
line-of-sight (l.o.s.) and over the solid angle Ω. We will present results assuming ρ(s) follows
the NFW DM density profile [58, 59], but in table 1 we also list values of JD,A for other
DM density profiles for each experimental survey region. Our results can thus be easily
rescaled. Note that the choice of ρ(s) becomes less important for survey regions farther
from the galactic plane and also less important for decaying compared to annihilating DM.
In addition to the contribution to the photon flux from DM decays in the Milky Way
halo, there is a contribution arising from the smooth distribution of DM throughout the
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whole Universe (see, e.g., [37, 45–47]). A photon produced at redshift z that is detected
with energy E was emitted with energy E(z) = E(1 + z). Such a photon was emitted at a
comoving distance, χ(z), with
dχ(z)
dz
=
1
(1 + z)3/2
1
a0H0
√
Ωm(1 + κ(1 + z)−3)
, (2.3)
where κ = ΩΛ/Ωm ∼ 3 and a flat Universe, Ωm + ΩΛ = 1, is assumed. The extragalactic
photon spectrum arising from DM decays at redshift z is given by dN/dE(z), so that the
measured flux is
d2Φγ,EG
dΩdE
=
1
4pi
ΓΩDMρc
mDMa0H0
√
Ωm
∫ ∞
0
dz
dN
dE(z)
1
(1 + z)3/2
1√
1 + κ(1 + z)−3
. (2.4)
Because the photon flux from DM decays scales linearly with the DM density, this contri-
bution is not very model dependent. For dNγ/dE(z) = δ(E(z)−mDM/2), this reduces to
the case that is usually considered, namely DM decaying to a redshifted monochromatic
gamma-ray line,
d2Φγ,EG
dΩdE
=
1
4pi
ΓΩDMρc
mDMH0
√
Ωm
(
2
mDM
) √
2E
mDM
1√
1 + κ(2E/mDM)3
. (2.5)
This effect implies that the spectral shape of a photon “line” from DM decays is smeared
to receive contributions from a continuous range of energies.
In principle, similar extragalactic contributions exist for the annihilating DM case.
However, the smooth part of extragalactic DM annihilation is subdominant compared to
the galactic contribution and may be safely ignored. On the other hand, extragalactic
annihilations resulting from DM substructure at low redshift may contribute a significant
amount to the photon flux since it scales as the square of the DM density [71]. Since this
contribution is not well known [72], we conservatively omit it from our analysis below.
For DM decay or annihilation to final states that include electrons or positrons, there
are other potentially important contributions to the diffuse photon flux. The electrons
and positrons can inverse Compton scatter (ICS) starlight, infrared, or CMB photons,
or produce synchrotron radiation. The precise contribution to the diffuse flux, however, is
model dependent and requires detailed knowledge of the galactic and extragalactic magnetic
fields as well as the diffusion properties of the electrons in our Galaxy. In order to present
conservative bounds and to avoid significant systematic uncertainties, we do not include
these contributions.
When stable charged particles (like electrons) appear as decay or annihilation products,
photons will be emitted through final state radiation (FSR). We use the Altarelli-Parisi
splitting function,
dΓFSR
dEγ
=
αEMΓD,A
2pi
ln(Q/m2f )
∫
1 + (1− Eγ/Ef )2
Eγ
dN
dEf
dEf , (2.6)
to estimate the photon spectrum, where Q is the square of the momentum imparted to
the photon, αEM ' 1/137, and dN/dEf is the differential rate of decay or annihilation to
the final state particle f . For multiple charged-particles in the final state, we sum over
the contributions.
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Figure 1. The collected normalized dataset of photon fluxes used to place constraints on decaying
and annihilating DM in this paper. Data from HEAO-1 [63] (orange), INTEGRAL [64] (green),
COMPTEL [65–67] (blue), EGRET [68, 69] (red), and Fermi [70] (yellow) are shown. All error
bars are statistical, except for the EGRET and Fermi datasets, where the dominant systematic
uncertainties are shown. We omit the INTEGRAL 511 keV line both in this figure and in our
analysis. Note that the various datasets span different regions of the sky and should therefore not
be compared with each other; they appear together on this plot only for convenience.
2.2 Data
We place constraints on LDM using the data summarized in table 1 and shown in figure 1.
We emphasize that none of the datasets have been optimized for LDM searches. It is there-
fore likely that significantly stronger constraints may be achieved with dedicated analyses.
As mentioned above, we assume an NFW profile in all cases, but the results can easily
be rescaled for other profiles using the information in table 1. For the inner-galaxy data
from INTEGRAL or COMPTEL, the bounds from decaying DM can be adjusted by up to
O(30%); using high-latitude data, the difference is typically less than O(10%). In contrast,
the expected photon flux from DM annihilations near the galactic center can change by up
to an order of magnitude for different choices of the density profile.
For our analysis we use the following datasets:
• HEAO-1. We use data from observations of 3–50 keV photons made with the A2
High-Energy Detector on HEAO-1 [63]. Other datasets from the experiment are
significantly weaker than those from the INTEGRAL experiment discussed below.
To avoid point source contamination, the observations come from regions of the sky
20◦ above the galactic plane. As is clear from table 1, the constraints from this sky
region are not very sensitive to the DM density profile.
– 5 –
J
H
E
P11(2013)193
• INTEGRAL. We use data from observations of 20 keV to 2 MeV photons from
the region |`| < 30◦ and |b| < 15◦ obtained with the SPI instrument onboard IN-
TEGRAL [64]. The quantity J changes by up to O(30%) in the decaying case, for
different choices of density profile. The excellent energy resolution allows us to remove
the well-resolved 511 keV line in our analysis.
• COMPTEL. We use the COMPTEL data from [65–67]. These observations are
obtained by averaging over the sky at latitudes |`| ≤ 60◦ and |b| < 20◦. Compared to
the INTEGRAL region of interest, the model predictions are about half as sensitive
to the density profile at these galactic latitudes. We find an O(20%) uncertainty for
DM decay bounds due to the DM density profile.
• EGRET. We use the data shown in panel E of figure 2 in [68, 69], which lies in the
20 MeV to 10 GeV range at intermediate latitudes, 0 ≤ ` ≤ 360◦, 20◦ ≤ |b| ≤ 60◦.
Our results are sensitive only at the few-percent level to the DM density profile.
• Fermi. We use data from the upper panel of figure 12 of [70], with 0 < ` < 360◦ and
8◦ < |b| < 90◦, between 200 MeV–10 GeV. We choose these latitudes to enhance the
signal to background ratio while minimizing the uncertainty in the DM profile. The
resulting decay bounds are only O(5%) sensitive to varying the DM density profile.
2.3 Statistical methodology
Our goal is to obtain robust, conservative bounds using the above data sets. We do this
by requiring that the predicted count from the DM signal in each bin does not exceed the
observed central value plus twice the error bar. In all cases we use the statistical uncertain-
ties, except for EGRET and Fermi where we take the dominant systematic uncertainties.
These bounds could be significantly strengthened with dedicated searches in the future and
by including fits to different astrophysical background components, e.g., from astrophysical
ICS. In appendix A, we show the improvement that could be obtained with a goodness-
of-fit test that assumes knowledge of the various backgrounds. The expected improvement
varies between a factor of a few to an order of magnitude, but involves larger systematic
uncertainties as the backgrounds are not precisely known. For this reason, the results we
present use only this simple test described above.
3 Models of decaying light dark matter
In this section, we outline several simple scenarios that can accommodate LDM, and we
place constraints on the model parameter space. The models below should be viewed
as benchmarks that are not, however, complete. In particular, we do not discuss the
production mechanism that results in the observed relic abundance. In the next section,
we will derive “model-independent” constraints, where the results are presented as generic
constraints on the lifetime versus mass for a given decay topology.
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Figure 2. Constraints on hidden photino decay to left: gravitino and photon and right: gravitino
and hidden photon (with the latter taken to have mass mγd = 0.9mγ˜d and going to final state
f+f−, with f = e, µ or pi). In the left plot, the solid (dotted) lines are with
√
F = 104 (102) TeV.
The constraints are derived from the diffuse gamma- and X-ray data taken from HEAO-1 (orange),
INTEGRAL (green), COMPTEL (blue), EGRET (red), and Fermi (yellow). In the “Short-Lived”
region the DM lifetime is shorter than the age of Universe. Above the solid red line, the hidden
photino is stable.
3.1 Hidden photino
Consider a supersymmetric hidden sector, with an additional U(1)d gauge group [4, 7, 73–
76]. We assume that the SM and hidden sector can interact with each other through gauge
kinetic mixing [77, 78],
− 
2
∫
d2θ WdWY , (3.1)
where Wd (WY ) are the supersymmetrized field strength of the hidden gauge group (hy-
percharge). The value of  may naturally be of order 10−3 − 10−4 when generated by
integrating out heavy fields charged under both sectors. Conversely, if eq. (3.1) results
from higher dimensional operators,  can be significantly smaller, as we will assume below
in order to obtain MeV-GeV masses.
An interesting possibility is to have the hidden gaugino play the role of DM. To realize
this, supersymmetry must be broken and communicated both to the visible and hidden
sector. If the communication occurs through gauge mediation, the breaking in the hidden
sector may be significantly smaller than in the visible sector as supersymmetry breaking
is transmitted to the hidden sector through D-term mixing [74]. As a consequence, the
hidden photon mass is given by,
m2γd =  gd 〈DY 〉 ' (5 MeV)2
(

10−8
)(
gd
0.2
)(√〈DY 〉
50 GeV
)2
, (3.2)
where 〈DY 〉 = |gY v
2c2β
4 |, v = 246 GeV, and tanβ = vu/vd. In such a case, γd and γ˜d
are nearly degenerate, and γ˜d can decay to the gravitino and either a photon or a hidden
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Figure 3. Constraints on a hidden photon in the hidden photino DM model for the case where the
hidden photino decays to a photon and a gravitino, γ˜d → γG˜, and with
√
F = 100 TeV (left) or√
F = 104 TeV (right). Gray shaded regions indicate constraints from beam-dump, fixed-target,
and colliding beam experiments, stars, precision measurements, and from the intergalactic diffuse
photon background (IDPB), while the colored regions show the gamma- or X-ray constraints as in
figure 2. In the “Short-Lived” region the DM lifetime is shorter than the age of Universe. See text
for more details.
photon, depending on whether the latter is heavier or lighter than γ˜d [7, 75, 76, 79, 80].
The hidden photino lifetime is,
τγ˜d→γG˜ ' 
−2
(
m5γ˜d
16piF 2
)−1
' 3× 1023 sec
(
10−8

)2(
10 MeV
mγ˜d
)5( √F
100 TeV
)4
, (3.3)
for the decay to the photon and gravitino. This lifetime depends on several parameters,
and can be much longer for lighter DM if the exact relation, eq. (3.2), holds. Of course,
mγ˜d can be controlled by some other dynamics and hence be independent of . Similarly
for γ˜d → γd G˜ we have,
τγ˜d→γdG˜ '
(
m5γ˜d
16piF 2
)−1 (
1− ν2γd
)−4
= 3× 1020 sec
(
1 MeV
mγ˜d
)5( √F
104 TeV
)4(
1− m
2
γd
m2DM
)−4
. (3.4)
Here, a long lifetime requires a slightly larger SUSY breaking scale. Note that the two
possibilities lead to distinct indirect detection signals. In the first case one expects a
spectral line, while in the second the spectrum is dominated by the FSR photons from the
kinematically accessible charged particles that arise from the decay of the hidden photon.
The constraints for both cases are shown in figure 2. In the case of the line, we show
the bounds in the −mγ˜d plane, taking two choices for
√
F . For the case where the photino
decays via a hidden photon, the constraints are presented on the
√
F − mγ˜d plane with
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eνs νe
W γ
eνs
νe
W
γ
(A)
νs
e±
W∓
e∓
νe
νs
νe
Z
e±
e∓
(B)
Figure 4. Decay channels for a sterile neutrino, νs, through (A) a two-body radiative process
(νs → ναγ) and (B) charge- and neutral-current contributions to a three-body final state.
the assumption mγd = 0.9mγ˜d . Above the solid red line, the hidden photino is stable. The
photon spectrum for a variety of different decay channels may be derived from [81]. In
both panels, the “Short-Lived” region indicates that the DM lifetime is shorter than the
age of Universe.
Assuming mγd ' mγ˜d , additional constraints exist from beam-dump [82, 83], fixed-
target [84, 85], and colliding-beam experiments [86]; precision measurements [87]; stars [88,
89]; and from the intergalactic diffuse photon background (IDPB). This final constraint
is valid for hidden photons below 2me ' 1 MeV, as these can decay to three photons and
contribute to the diffuse photon background [34, 90]. For a summary of results see, e.g., [91].
These additional constraints are shown in figure 3 together with the limits derived here
(and shown in the left panel of figure 2), for the case where the hidden photon decays
directly to a photon and a gravitino, γ˜d → γG˜. We note that some of these additional
constraints are model dependent and may be evaded.
3.2 Sterile neutrino
Under certain circumstances, a sterile neutrino, νs, may act as DM (for reviews, see [48,
57]). Due to its mixing with the active neutrinos, it may decay either via a 2- or 3-
body channel. The leading diagrams that contribute to these decay channels are shown in
figure 4. In its simplest form, the theory at low energy is described by two parameters:
• ms - the sterile neutrino mass
• sin θα - the mixing angle between νs and active neutrinos of flavor α; in what follows,
we will only consider νs − νe mixing.
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Figure 5. Constraints on the sum of sterile-neutrino decay to γν and νe+e− using the decay
widths in eqs. (3.5) and (3.6). The constraints from the diffuse gamma- and X-ray data are HEAO-
1 (orange), INTEGRAL (green), COMPTEL (blue), and EGRET (red). Within the solid black
region, the neutrino energy density must be greater than the observed DM density. Above (below)
the black solid line, the neutrino lifetime is shorter (longer) than the age of the Universe. Within
the green boundaries, the sterile neutrino is ruled out by Ly-α forest data [48, 49]. Two cases for
the sterile-neutrino energy density are assumed. In the left plot, the density is assumed to precisely
equal the DM energy density everywhere below the dark and light gray regions. In the right plot,
the density is determined by the (irreducible) DW mechanism.
The mixing above can be induced, for example, in supersymmetric theories with a su-
perpotential, W = XLLEc. The two-body decay rate for a Majorana neutrino is given
by [92]
τνs→νγ '
(
9αEM sin
2 θ
1024pi4
G2Fm
5
χ
)−1
' 1.8× 1017 sec
(
10 MeV
mχ
)5( sin θ
10−8
)−2
, (3.5)
while the three-body decay rate is [93]
τνs→ναe+e− '
(
cα sin
2 θ
96pi3
G2Fm
5
χ
)−1
' 2.4× 1015 sec
(
10 MeV
mχ
)5( sin θ
10−8
)−2
. (3.6)
Here the neutrino flavor α = e, cα =
1+4 sin2 θW+8 sin
4 θW
4 ' 0.59 [93], and we are only
considering decays to e+e− pairs. The resulting gamma-ray fluxes from both channels
contribute at roughly similar levels once the splitting function is introduced.
The relic abundance of sterile neutrinos is model dependent and varies according to
the specific production mechanism and dynamics in the early Universe. An irreducible
and UV-insensitive contribution to the abundance of sterile neutrinos arises from the so-
called Dodelson-Widrow (DW) mechanism [94] in which the neutrinos are produced via
oscillations. Thus, in the absence of new dynamics at low temperature, one finds [48]
Ωs & 0.25
(
sin2 2θ
4.3× 10−13
)( ms
MeV
)1.8
. (3.7)
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G˜
#±i
#˜∓a
#∓k
νj
(A)
G˜
×γ˜
ν
γ
(B)
Figure 6. Feynman diagrams for G˜ decay through (A) an off-shell slepton to a three-body final
state (G˜→ `±i νj`∓k ) and (B) a two-body radiative process (G˜→ ναγ).
Additional contributions may arise from, e.g., non-thermal production [8] or due to an
extended Higgs sector [95, 96].
In order to place model-independent bounds on the parameter space of sterile neutri-
nos, we consider two different possibilities for the size of the sterile-neutrino relic abun-
dance. First, we consider an unspecified UV mechanism that contributes to the DM density
in those regions where the DM is under-abundant, setting Ωνs = ΩDM. Next, we assume the
relic abundance is determined solely by the DW mechanism and, depending on the mixing
angle and mass, Ωνs can be greater than or less than ΩDM. We show our bounds for both
these cases in the left and right panel of figure 5, respectively, in the mνs−sin2 2θ plane. In
addition, we show existing bounds from the observation of the Lyman-α forest [49] and the
overclosure region, in which the neutrino density produced by the DW mechanism exceeds
the observed DM density. We also show the region where the sterile-neutrino lifetime is
shorter than the age of the Universe, and hence it cannot act as DM. Several additional
constraints exist on sterile neutrinos, for example, from the power spectrum of large scale
structure [97] and of the CMB [97], from BBN [98], and from Supernova-1987A [99]. How-
ever, these constraints lie in the region where either the lifetime is too short or where the
DM density is too high.
3.3 Gravitino dark matter
Another interesting possibility is gravitino DM [100–107]. The gravitino may be unstable
on cosmological timescales and here we consider gravitino decays induced by R-parity
violating (RPV) interactions [102–104]. Since we are interested in light DM, we will focus
on the RPV operator that allows the gravitino to decay to leptons, W = λijk`i`je
c
k. A
small coefficient λ in the RPV vertex can ensure that the gravitino lifetime is longer than
the age of the Universe.
Gravitinos are typically produced in three processes [100]: (i) gaugino scattering, dom-
inantly at the re-heat temperature, (ii) freeze-out and decay of the lightest ordinary super-
symmetric particle (LOSP, such as a neutralino), and (iii) freeze-in production from decays
of visible sector particles, dominated at temperatures of order the superpartner masses.
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Once gravitinos are produced with the observed relic abundance, their decay rate is
controlled by the strength of the RPV vertex, as well as by the mass of the observable
superpartners. The RPV operator considered here allows decays in one of two ways, as
shown in the diagrams of figure 6. First, through an off-shell slepton, one has G˜→ νj`+i `−k .
This process is suppressed both by three-body phase space and by the slepton propagator,
which gives an additional factor proportional to (m3/2/m˜)
4, where m˜ is the slepton mass.
One finds [104]
τ
G˜→νj`+i `−k '
[
|λijk|2
3(32)2pi3
m33/2
m2Pl
F
(
m˜
m3/2
)]−1
(3.8)
' 1.0× 1053 sec
(
10−4
λijk
)2(
10 MeV
m3/2
)7( m˜
1 TeV
)4
,
where mPl = MPl/
√
8pi = 2.4×1018 GeV is the reduced Planck scale and F (x) ' 1/(30x4);
a more exact expression can been found in [103].
A second, two-body, decay mode is G˜ → γν, which usually dominates the decay
width [104] and gives stronger bounds. It is induced by a mixing between the photino and
the neutrino, |Uγ˜ν |, which occurs if the RPV terms induce a VEV for the sneutrino [102, 104]
or via a loop with a charged lepton and slepton. This gives a gravitino lifetime [101, 102],
τ
G˜→νγ =
(
1
32pi
∣∣Uγ˜ν∣∣2 m33/2
m2Pl
)−1
' 3.8× 1028 sec
(
10 MeV
m3/2
)3(10−4
Uγ˜ν
)2
. (3.9)
In the left panel of figure 7 we show the constraints on the photino-neutrino mixing angle
as a function of the gravitino mass. In deriving the bound we require that the gravitino
has the observed DM relic abundance. We do not show limits from BBN as those depend
strongly on the dominant production mechanism and hence on the re-heat temperature
and the spectrum of the superpartners [107].
3.4 Dipole DM
The dipole operator λχ¯2σ
µνχ1Fµν/Λ (with σ
µν = i [γµ, γν ]) induces χ1 → χ2γ, where χ1,2
are Dirac fermions. The lifetime is
τdipole =
[
m31
2piΛ2eff
(
1− m
2
2
m21
)3]−1
' 4.1× 1020 sec
(
10 MeV
m1
)3( Λeff
1019 GeV
)2
,
(3.10)
with Λeff = Λ/λ, the effective cutoff scale of the theory. The outgoing photon has an
energy Eγ =
(
m21 −m22
)
/2m1. In the right panel of figure 7, we show the limits on Λeff
versus the χ1 mass, m1. Since the effective operator that controls the decay is dimension 5
and not higher-dimensional, the limits are exceptionally strong, constraining the effective
cutoff scale to be very high (or conversely, the corresponding coupling to be small, λ 1).
An approximate symmetry in the UV may be required to protect these decays.
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Figure 7. Left: constraints on photino-neutrino mixing from RPV gravitino decay. Right: con-
straints on the effective cutoff scale for DM with a dipole interaction. Regions as in figure 2.
Figure 8. Constraints on the decay constant fpid for a dark pseudoscalar decaying to diphotons
(left) and the limits on the coupling of a hidden scalar in the case where it decays to e+e− (right).
Regions as in figure 2.
3.5 Dark (pseudo-)scalars
As a final model for light DM, we consider two-body decays of diphotons or charged par-
ticles. If DM is a pseudoscalar decaying to two photons, its lifetime is [108]
τpid→γγ '
(
α2EMm
3
pid
288pi3f2pid
)−1
' 1.1× 1020 sec
(
10 MeV
mpid
)3( fpid
1015 GeV
)2
. (3.11)
Here fpid is the decay constant in the hidden sector, which we assume is Abelian. This
decay produces a spectral line at an energy mpid/2. We show the constraint in the left
panel of figure 8, from which it is clear that the scale of fpid needs to be very high.
If DM is a scalar that decays to charged particles that produce photons through FSR,
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e.g., φ→ e+e−, the lifetime is
τφ→e+e− =
[
g2mpid
4pi
(
1− 4 m
2
e
m2DM
)3/2]−1
' 8.3× 1018 sec 10 MeV
mφ
(
10−20
ga
)2
. (3.12)
The spectrum is bounded by the energies 0 < Eγ < mφ/2. The constraints on the coupling
g are shown in the right panel of figure 8. As is apparent, tiny couplings are required for
such DM to agree with observations.
4 Model-independent bounds and spectra
In the previous section, we presented limits on specific model parameters. In this section,
we fill in some of the details of the analysis there, and show bounds in terms of the lifetime
only, making the constraints “model-independent.” Despite the wide variety of possible
decays that produce a photon signal, there are very few distinct event topologies of interest:
• Two- or three-body decays, with or without FSR.
• Two-body cascade decays, where one or both of the decay products themselves sub-
sequently decay to photons or charged particles.
In the limit of small outgoing particle masses, the differential decay width at low energies
for each of these topologies may be written as a function of the total width, the photon
energy, Ei, and the mass of the outgoing particle, mi. We will use the small parameters
νi =
mi
mDM
, λi =
Ei
mDM
, (4.1)
to expand our results.
When relevant in the model-independent bounds below, we only consider photons
and electrons as SM final states. Typically these bounds will weaken moderately as new
decay channels to additional charged or unstable heavier particles open up. One exception,
however, is for the case where the decay products include pi0’s which consequently decay
to photons. In such a case, a significant improvement in the limits is expected due to the
sharp spectral feature.
4.1 Two-body decays involving a photon
We first consider two-body decays of DM directly to a photon and a neutral particle, or
to two photons. Models that give line-like features include a hidden photino decaying to a
gravitino and a photon via kinetic mixing, as discussed in Sec. 3.1. There are, of course,
a profusion of other model-building possibilities that produce a monochromatic photon.
These decays can produce one or two monochromatic photons with differential width,
dNtwo−body
dEγ
=
{
δ(1− ν22 − 2λγ) (1 photon)
2δ(1− 2λγ) (2 photons)
. (4.2)
Here ν2 ≡ m2/mDM refers to the mass of the outgoing decay partner, in the case of a single
photon. The constraints on the lifetime for the decay to two photons are shown in figure 9.
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Figure 9. Bounds on the lifetime of a scalar DM, φ, decaying to two photons. Regions as in
figure 2.
Figure 10. Left : photon spectra from DM decay to e+e−, emitting final state radiation, as a
function of x = 2Eγ/mDM. The spectrum of decays with galactic photons only is shown as the
solid line, while the redshifted extragalactic spectrum is shown with dashed lines (see text for
details). Right : bounds on the DM decay lifetime for this process, with regions as in figure 2.
4.2 Two-body decays with FSR
Two-body decays to charged particles produce photons through FSR. The differential width
to photons is approximately given by integrating a δ-function with the Altarelli-Parisi
splitting function, as shown in eq. (2.6), to give
dNφ→e+e−γ
dEγ
' 2αEM
piEγ
[
1− 2λγ +
(
1− 2λγ + 2λ2γ
)
ln
(
1− 2λγ
ν2e
)]
, (4.3)
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Figure 11. Left : photon spectra versus x = 2Eγ/mDM for DM decay to two neutral particles,
where one of the neutral particles subsequently decays to e+e−, emitting final state radiation. The
lines are as in figure 10. Right : bounds on the DM decay lifetime for this process. Regions are as
in figure 2.
where the spectrum is bounded by the energies 0 < Eγ < mφ/2. We use the exact calcula-
tion of the three-body final state for the spectra and the exclusion regions in figure 10. In
this figure, we show the dimensionless galactic photon spectrum
dN
dx
=
m1
2
dN
dE
(4.4)
as well as the redshifted extragalactic spectrum dNγ,eg/dx (dashed lines). The extragalactic
spectrum is calculated by performing the integral in eq. (2.4)
dNγ,eg
dx
=
∫∞
0 dz
dN
dx(z)
[
(1 + z)3 + κ
]−1/2∫∞
0 dz [(1 + z)
3 + κ]−1/2
, (4.5)
normalized such that the total number of photons for 0 < x < 1 is equivalent for galactic
and extragalactic photons.
As described above, this decay naturally arises if the DM is a light scalar. Furthermore,
the decay to two leptons is a popular toy model that parameterizes possible DM decay and
annihilation. The bounds for this case are shown on the right of Fig 10. As expected, they
are a few orders of magnitude weaker than the bounds from the monochromatic decay
shown in the previous subsection.
4.3 Two-body cascade decays
We next consider the case of DM decay to a pair of neutral particles, one of which sub-
sequently decays to e+e−: φ1 → φ2φ3 → φ2`+`−. An example for a decay of this type
was presented in Sec. 3.1 for the hidden photino model, where the hidden photino decays
to a gravitino and hidden photon, which then subsequently decays to charged leptons:
γ˜d → G˜γd → G˜`+`−. We derive the photon spectrum from these cascade decays from [81].
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Figure 12. Left : photon spectra versus x = 2Eγ/mDM for DM decay to e
+e−ν, emitting final
state radiation. The lines represent the galactic (solid) and extragalactic (dashed) spectra. Right :
bounds on the DM decay lifetime for this process. Regions as in figure 2.
The spectrum for FSR resulting from a single boosted lepton is
dN
dEγ
=
2αEM
pim1x̂
{[
−1 + ln
(
m23
m2`
)] (
2− x̂− x̂2 + 2x̂ ln x̂)+ (pi2
3
− 1
)
x̂+ x̂2
+ 2x̂ ln x̂+
(
2− x̂− x̂2) ln (1− x̂)− 2x̂Li2 (x̂)}, (4.6)
where x̂ = 2m1Eγ/
(
m21 +m
2
3 −m22
)
. This spectrum, under the assumption of m3 = 0.9m1
and m2 = 0.01m1, is shown on the left of figure 11 where the galactic (solid lines) and
redshifted extragalactic (dashed lines) contributions are shown. As can be seen, eq. (4.6)
does not have a precise cutoff at Eγ = m1/2. However, as noted in [81], the number of
unphysical photons produced with Eγ > m1/2 is second order in the expansion parameters
and the effect of this error on the bounds is negligible.
The constraints on the lifetime of the decaying particle are shown on the right of
figure 11, (with similar assumptions on m2,3 as made in the left panel). These constraints
are comparable to those on two-body + FSR models, and are considerably less constraining
than those with monochromatic photons.
4.4 Three-body decays with FSR
Next we examine three-body DM decays, where the DM decays to a pair of charged particles
plus a neutral particle. Our formula was specifically derived for the case of Weak decays
of a sterile neutrino, νs → νe+e− (as we discussed in Sec. 3.2), though only minor changes
result for a more generic decay φ1 → φ2e+e−.
The differential width of a fermionic DM decaying to e+e−ν via weak processes and
including FSR is,
dNDM,FSR
dEγ
' 2αEM
piEγ
log
(
1− 2λγ
ν2e
)[
1− 11
3
λγ+10λ
2
γ+
λγ
(
1+4 sin2 θW
)
(1−6λγ)
12cα
+ · · ·
]
.
(4.7)
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Figure 13. Left : photon spectra versus x = 2Eγ/mDM for DM three-body decay φ1 → φ2γγ. The
lines represent the galactic (solid) and redshifted extragalactic (dashed) spectra. Right : bounds on
the DM decay lifetime for this process, with regions as explained in figure 2.
Here we neglect both the neutrino and the electron masses and “. . . ” stands for higher-
order terms in νe. For the case of a decay process mediated by a heavy neutral scalar
particle, the above remains the same with the omission of the last term.
The spectrum for the above is plotted on the left of figure 12 where, as before, the
galactic (solid lines) and redshifted extragalactic (dashed lines) contributions are shown.
The constraints on the lifetime are shown on the right of figure 12. We find the bounds to
be similar in magnitude to the two-body + FSR case, however sensitivity to the endpoint
feature in the spectrum is apparent and results in the wiggles displayed in the figure.
4.5 Three-body decays involving photons
Three body decays such as φ1 → φ2γγ are also possible. We remain agnostic about the UV
completion and do not embed this interaction in any of the theories above. Nonetheless,
we include it here for completeness.
To obtain bounds, we assume that this decay is induced by the higher-dimensional
operator O = β
4Λ2
φ1φ2FµνF
µν . We have,
dNφ1→φ2γγ
dEγ
=
128E3γ
m41
(
1− ν221−2λγ
)3
1 + 28ν2
(
1− ν42
)− ν82 + 12ν22 (1 + 3ν22 + ν42) ln ν22 . (4.8)
We see here that the width is exponentially sensitive to the energy in the limit ν2 → 0,
which means that the photons from this decay are preferentially grouped near the DM mass.
Consequently, for a given mχ, the constraint arises from a single bin in a given experiment.
We display the spectrum and constraint on the lifetime in figure 13, with the assump-
tion m2 = 0. In this limit, the differential spectrum is the same regardless of m1. As
expected, these bounds compare favorably to the monochromatic photon lines.
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Figure 14. Bounds on the DM velocity-averaged annihilation cross-section 〈σv〉 due to FSR off
the process χχ → e+e−. Regions as in figure 2. Also shown is a comparison with the CMB
constraint for DM annihilation that is s-wave (solid) or p-wave, the latter for two different kinetic-
decoupling temperatures, xkd ≡ Tγ/mDM = 10−4 (dash-dot) and 10−6 (dashed line), where we take
Tγ = 0.235 eV at the CMB epoch (corresponding to zCMB = 1000).
5 Annihilating light dark matter
Here we consider bounds on annihilating DM, specializing to the case of annihilation to
e+e− (see also [109]). The differential photon spectrum for this case is
dN
dEγ
=
2αEM
piEγ
1
(1− ν2e )3/2
{
δ
(
1− ν2e
)
+
[
1− λγ + 1
2
λ2γ − ν2e
(
3
2
− λγ
)
+
1
2
ν4e
]
ln
(
1− λγ − δ
1− λγ + δ
)}
, (5.1)
where we have defined δ =
√
(1− λγ) (1− λγ − ν2e ). The bounds are shown in figure 14.
From table 1, we see that these results are sensitive (within factors of a few) to the DM
density profile (we use the NFW profile for all results), especially for experiments that
observe regions near the center of the galaxy such as INTEGRAL and COMPTEL. For
DM masses below ∼ 100 MeV the bounds are stronger than the thermal annihilation cross-
section around 3× 10−26 cm3/s.
These bounds can be compared with those from CMB observations, which are very
strong for s-wave processes. Indeed, for DM masses below ∼ 7 GeV, the annihilation cross-
section must be smaller than the thermal annihilation cross-section of 3×10−26 cm3/s. At
first sight, it appears that the diffuse photon bounds are not competitive with the CMB
bounds. However, p-wave annihilation rates may be larger in the galaxy today relative to
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the CMB epoch if the velocity of the DM at recombination is smaller than the galactic
velocity which we take to be, v0 = 220 km/sec.
The velocity of the DM at recombination depends on the kinetic decoupling tem-
perature. As long as the DM remains kinetically coupled to the plasma, its velocity is
vDM ∼
√
3Tγ/mDM. Once the DM kinetically decouples, however, it cools much more
quickly: its temperature at redshift z is TDM = Tkd
(
z
zkd
)2
, for a kinetic decoupling tem-
perature Tkd at redshift zkd. As a result, the DM velocity is
vDM =
√
3TDM/mDM =
√
3xγ x
−1/2
kd (5.2)
' 2× 10−4
(
Tγ
1 eV
)(
1 MeV
mDM
)(
10−4
xkd
)1/2
,
where we define xi ≡ Ti/mDM. The above is easily smaller than the observed galactic
velocity, even for very light DM.
We show in figure 14 the CMB constraint from s-wave processes, as well as the con-
straint from p-wave processes for xkd = 10
−4 and 10−6, taking Tγ = 0.235 eV at the CMB
epoch (corresponding to zCMB = 1000). In order to compare the galactic and CMB con-
straints for both s- and p-wave annihilation, we show contours of 〈σv〉 ∝ (vDM/v0)2(n−1),
where n = 1(2) for s(p)-wave. We can see that the CMB constraints are always stronger
than the diffuse photon constraints for s-wave annihilation. However, the diffuse constraints
are stronger than the CMB constraints for p-wave annihilation, especially for larger kinetic-
decoupling temperatures where the DM is colder.
6 Conclusions and future improvements
In this paper, we considered simplified models of DM with masses O(few keV) . mDM .
O(few GeV), that can give rise to observable signals in X-ray and gamma-ray observatories
via decays or annihilations. We found that bounds from HEAO-1, COMPTEL, INTE-
GRAL/SPI, EGRET and Fermi, even without dedicated searches, can already be very
strong, even under conservative assumptions.
For decaying light DM, constraints on the lifetime, τDM, are in the range 10
24−1028 sec,
where the weaker bounds typically apply in the case where DM decays to photons via FSR,
while the stricter bounds apply when DM decays directly to photons. On the other hand,
for DM that annihilates to two electrically charged SM particles, we find that below a few
hundred MeV the annihilation cross-section must be lower than the canonical thermal relic
s-wave annihilation cross-section. In this case, the existing CMB bounds are found to be
stronger. However, for p-wave suppressed annihilation, the CMB bounds become weaker
than the diffuse constraints as the kinetic-decoupling temperature increases (and the DM
at CMB becomes colder).
In addition to model-independent constraints, we also placed limits on specific bench-
mark models of light DM: hidden-photino DM, sterile-neutrino DM, gravitino DM, dipole
DM and hidden (pseudo-) scalar DM. We found that the constraints from decaying DM are
often stronger than other existing experimental, astrophysical, or cosmological constraints.
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We conclude that X-ray and gamma-ray observatories provide a powerful and inde-
pendent probe of light DM. To improve on the results presented here, dedicated searches
are needed, where better background studies and optimized regions in the sky are consid-
ered. With the results above, the authors strongly encourage new studies in the hope of
significantly widening the search window for dark matter.
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A Constraints with fits to astrophysical backgrounds
In this paper, we derived robust, conservative constraints by only taking into account the
DM signal, as described in section 2.3. Stronger constraints can be obtained by fitting the
DM signal simultaneously with the different astrophysical background components. This
could improve the constraints especially if the DM signal spectrum has a sharp feature like
a line or an edge (as appears in an FSR spectrum). However, for softer spectra, while the
constraints may be formally stronger, they also suffer from larger systematic uncertainties,
since the background components are not known precisely. Furthermore, the isotropic
extragalactic flux, which contributes an O(1) amount to the diffuse galactic signal at high
galactic latitudes, can smear out any spectral shapes [110].
To illustrate the improvements possible with using a simultaneous fit of signal and
backgrounds, we use the background components as derived by the different collaborations
in [63–70] and perform a na¨ıve χ2 goodness-of-fit test (GOF) in figure 15. For the GOF, we
take as many distinct background components as have been identified by each collaboration,
and, keeping the slopes fixed, allow the normalizations to float. At each point in the
τ−mDM plane, we add the putative DM signal and minimize the χ2 of the background plus
the signal with respect to the free normalization parameters. For the HEAO-1 backgrounds,
we minimize the χ2(S +B) by allowing the overall normalization of the broken power law
suggested by the collaboration to float. For the INTEGRAL backgrounds, we allow the
normalizations of the three smooth background components identified by the collaboration
to float independently, and again minimize the χ2(S +B). These components are a power
law with a spectral index ns = 1.55, a curved component that is the exponential tail of
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Figure 15. Comparison of signal-only constraint (solid) and a χ2 goodness-of-fit test (dotted) for
each experiment taking the sample spectrum from scalar DM decay to e+e− pairs that emit FSR.
We show the limits derived from the data described in section 2: HEAO-1 (orange), INTEGRAL
(green), COMPTEL (blue), EGRET (red), and Fermi (yellow).
a flat power law (with cutoff around 7.5 keV), and the smooth diffuse component from
extragalactic e+e− annihilation. The COMPTEL collaboration identifies a single smooth
background component with index ns = 2.4, and again we minimize over the normalization
of this background. The EGRET and Fermi data are dominated by the systematic error
on the effective area, so we take the total shapes as given by the collaborations and allow
the normalizations on the entire background shape to float simultaneously. We show the
comparison in figure 15, and we find that the GOF improves the constraints, but only by
at most an order of magnitude.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution and reproduction in any medium,
provided the original author(s) and source are credited.
References
[1] C. Boehm, D. Hooper, J. Silk, M. Casse and J. Paul, MeV dark matter: has it been
detected?, Phys. Rev. Lett. 92 (2004) 101301 [astro-ph/0309686] [INSPIRE].
[2] C. Boehm, P. Fayet and J. Silk, Light and heavy dark matter particles, Phys. Rev. D 69
(2004) 101302 [hep-ph/0311143] [INSPIRE].
[3] M. Pospelov, A. Ritz and M.B. Voloshin, Secluded WIMP dark matter, Phys. Lett. B 662
(2008) 53 [arXiv:0711.4866] [INSPIRE].
[4] D. Hooper and K.M. Zurek, A natural supersymmetric model with mev dark matter, Phys.
Rev. D 77 (2008) 087302 [arXiv:0801.3686] [INSPIRE].
– 22 –
J
H
E
P11(2013)193
[5] J.L. Feng and J. Kumar, The WIMPless miracle: dark-matter particles without weak-scale
masses or weak interactions, Phys. Rev. Lett. 101 (2008) 231301 [arXiv:0803.4196]
[INSPIRE].
[6] D.E. Kaplan, M.A. Luty and K.M. Zurek, Asymmetric dark matter, Phys. Rev. D 79
(2009) 115016 [arXiv:0901.4117] [INSPIRE].
[7] R. Essig, J. Kaplan, P. Schuster and N. Toro, On the origin of light dark matter species,
arXiv:1004.0691 [INSPIRE].
[8] A. Falkowski, J.T. Ruderman and T. Volansky, Asymmetric dark matter from leptogenesis,
JHEP 05 (2011) 106 [arXiv:1101.4936] [INSPIRE].
[9] R. Essig, J. Mardon and T. Volansky, Direct detection of sub-GeV dark matter, Phys. Rev.
D 85 (2012) 076007 [arXiv:1108.5383] [INSPIRE].
[10] N. Borodatchenkova, D. Choudhury and M. Drees, Probing MeV dark matter at low-energy
e+e− colliders, Phys. Rev. Lett. 96 (2006) 141802 [hep-ph/0510147] [INSPIRE].
[11] F.J. Petriello, S. Quackenbush and K.M. Zurek, The invisible Z ′ at the CERN LHC, Phys.
Rev. D 77 (2008) 115020 [arXiv:0803.4005] [INSPIRE].
[12] Y. Gershtein, F. Petriello, S. Quackenbush and K.M. Zurek, Discovering hidden sectors with
mono-photon Z ′o searches, Phys. Rev. D 78 (2008) 095002 [arXiv:0809.2849] [INSPIRE].
[13] J. Goodman et al., Constraints on dark matter from colliders, Phys. Rev. D 82 (2010)
116010 [arXiv:1008.1783] [INSPIRE].
[14] P.J. Fox, R. Harnik, J. Kopp and Y. Tsai, LEP shines light on dark matter, Phys. Rev. D
84 (2011) 014028 [arXiv:1103.0240] [INSPIRE].
[15] R. Essig, J. Mardon, M. Papucci, T. Volansky, Y. Zhong, Constraining light dark matter
with low-energy e+e− colliders, to appear.
[16] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen and T. Volansky, First Direct Detection
Limits on sub-GeV Dark Matter from XENON10, Phys. Rev. Lett. 109 (2012) 021301
[arXiv:1206.2644] [INSPIRE].
[17] P.W. Graham, D.E. Kaplan, S. Rajendran and M.T. Walters, Semiconductor probes of light
dark matter, Phys. Dark Univ. 1 (2012) 32 [arXiv:1203.2531] [INSPIRE].
[18] B. Batell, M. Pospelov and A. Ritz, Exploring portals to a hidden sector through fixed
targets, Phys. Rev. D 80 (2009) 095024 [arXiv:0906.5614] [INSPIRE].
[19] P. deNiverville, M. Pospelov and A. Ritz, Observing a light dark matter beam with neutrino
experiments, Phys. Rev. D 84 (2011) 075020 [arXiv:1107.4580] [INSPIRE].
[20] P. deNiverville, D. McKeen and A. Ritz, Signatures of sub-GeV dark matter beams at
neutrino experiments, Phys. Rev. D 86 (2012) 035022 [arXiv:1205.3499] [INSPIRE].
[21] MiniBooNE collaboration, R. Dharmapalan et al., Low mass WIMP searches with a
neutrino experiment: a proposal for further MiniBOONE running, arXiv:1211.2258
[INSPIRE].
[22] E. Izaguirre, G. Krnjaic, P. Schuster and N. Toro, New electron beam-dump experiments to
search for MeV to few-GeV dark matter, arXiv:1307.6554 [INSPIRE].
[23] M.D. Diamond and P. Schuster, Searching for light dark matter with the SLAC millicharge
experiment, arXiv:1307.6861 [INSPIRE].
– 23 –
J
H
E
P11(2013)193
[24] S. Galli, F. Iocco, G. Bertone and A. Melchiorri, CMB constraints on Dark Matter models
with large annihilation cross-section, Phys. Rev. D 80 (2009) 023505 [arXiv:0905.0003]
[INSPIRE].
[25] T.R. Slatyer, N. Padmanabhan and D.P. Finkbeiner, CMB constraints on WIMP
annihilation: energy absorption during the recombination epoch, Phys. Rev. D 80 (2009)
043526 [arXiv:0906.1197] [INSPIRE].
[26] D.P. Finkbeiner, S. Galli, T. Lin and T.R. Slatyer, Searching for dark matter in the CMB:
a compact parameterization of energy injection from new physics, Phys. Rev. D 85 (2012)
043522 [arXiv:1109.6322] [INSPIRE].
[27] S. Galli, F. Iocco, G. Bertone and A. Melchiorri, Updated CMB constraints on dark matter
annihilation cross-sections, Phys. Rev. D 84 (2011) 027302 [arXiv:1106.1528] [INSPIRE].
[28] LAT collaboration, M. Ackermann et al., Fermi LAT search for dark matter in gamma-ray
lines and the inclusive photon spectrum, Phys. Rev. D 86 (2012) 022002 [arXiv:1205.2739]
[INSPIRE].
[29] LAT collaboration, M. Ackermann et al., Constraints on the galactic halo dark matter from
Fermi-LAT diffuse measurements, Astrophys. J. 761 (2012) 91 [arXiv:1205.6474]
[INSPIRE].
[30] G.A. Gomez-Vargas et al., Constraints on WIMP annihilation for contracted dark matter in
the inner galaxy with the Fermi-LAT, arXiv:1308.3515 [INSPIRE].
[31] M. Papucci and A. Strumia, Robust implications on dark matter from the first FERMI sky
gamma map, JCAP 03 (2010) 014 [arXiv:0912.0742] [INSPIRE].
[32] M. Cirelli, P. Panci and P.D. Serpico, Diffuse gamma ray constraints on annihilating or
decaying Dark Matter after Fermi, Nucl. Phys. B 840 (2010) 284 [arXiv:0912.0663]
[INSPIRE].
[33] G.D. Kribs and I. Rothstein, Bounds on longlived relics from diffuse gamma-ray
observations, Phys. Rev. D 55 (1997) 4435 [Erratum ibid. D 56 (1997) 1822]
[hep-ph/9610468] [INSPIRE].
[34] H. Yuksel and M.D. Kistler, Circumscribing late dark matter decays model independently,
Phys. Rev. D 78 (2008) 023502 [arXiv:0711.2906] [INSPIRE].
[35] J.A. Cembranos and L.E. Strigari, Diffuse MeV gamma-rays and galactic 511 keV line from
decaying WIMP dark matter, Phys. Rev. D 77 (2008) 123519 [arXiv:0801.0630] [INSPIRE].
[36] A. Boyarsky and O. Ruchayskiy, Bounds on Light Dark Matter, arXiv:0811.2385
[INSPIRE].
[37] G. Bertone, W. Buchmu¨ller, L. Covi and A. Ibarra, Gamma-rays from decaying dark
matter, JCAP 11 (2007) 003 [arXiv:0709.2299] [INSPIRE].
[38] A. Boyarsky, J. Nevalainen and O. Ruchayskiy, Constraints on the parameters of radiatively
decaying dark matter from the dark matter halo of the Milky Way and Ursa Minor, Astron.
Astrophys. 471 (2007) 51 [astro-ph/0610961] [INSPIRE].
[39] A. Boyarsky, J.W. den Herder, A. Neronov and O. Ruchayskiy, Search for the light dark
matter with an X-ray spectrometer, Astropart. Phys. 28 (2007) 303 [astro-ph/0612219]
[INSPIRE].
– 24 –
J
H
E
P11(2013)193
[40] A. Boyarsky, D. Malyshev, A. Neronov and O. Ruchayskiy, Constraining DM properties
with SPI, Mon. Not. Roy. Astron. Soc. 387 (2008) 1345 [arXiv:0710.4922] [INSPIRE].
[41] G. Gomez-Vargas et al., CLUES on Fermi-LAT prospects for the extragalactic detection of
munuSSM gravitino Dark Matter, JCAP 02 (2012) 001 [arXiv:1110.3305] [INSPIRE].
[42] F. Stecker and A. Tylka, Spectra, fluxes and observability of gamma-rays from dark matter
annihilation in the galaxy, Astrophys. J. 343 (1989) 169 [INSPIRE].
[43] F. Stecker, The cosmic gamma-ray background from the annihilation of primordial stable
neutral heavy leptons, Astrophys. J. 223 (1978) 1032 [INSPIRE].
[44] A.R. Pullen, R.-R. Chary and M. Kamionkowski, Search with EGRET for a gamma ray line
from the galactic center, Phys. Rev. D 76 (2007) 063006 [Erratum ibid. D 83 (2011)
029904] [astro-ph/0610295] [INSPIRE].
[45] E. Masso and R. Toldra, Photon spectrum produced by the late decay of a cosmic neutrino
background, Phys. Rev. D 60 (1999) 083503 [astro-ph/9903397] [INSPIRE].
[46] K. Abazajian, G.M. Fuller and W.H. Tucker, Direct detection of warm dark matter in the
X-ray, Astrophys. J. 562 (2001) 593 [astro-ph/0106002] [INSPIRE].
[47] A. Boyarsky, A. Neronov, O. Ruchayskiy and M. Shaposhnikov, Constraints on sterile
neutrino as a dark matter candidate from the diffuse x-ray background, Mon. Not. Roy.
Astron. Soc. 370 (2006) 213 [astro-ph/0512509] [INSPIRE].
[48] A. Kusenko, Sterile neutrinos: The Dark side of the light fermions, Phys. Rept. 481 (2009)
1 [arXiv:0906.2968] [INSPIRE].
[49] A. Palazzo, D. Cumberbatch, A. Slosar and J. Silk, Sterile neutrinos as subdominant warm
dark matter, Phys. Rev. D 76 (2007) 103511 [arXiv:0707.1495] [INSPIRE].
[50] A. Boyarsky, A. Neronov, O. Ruchayskiy and M. Shaposhnikov, Restrictions on parameters
of sterile neutrino dark matter from observations of galaxy clusters, Phys. Rev. D 74 (2006)
103506 [astro-ph/0603368] [INSPIRE].
[51] S. Riemer-Sorensen, S.H. Hansen and K. Pedersen, Sterile neutrinos in the Milky Way:
observational constraints, Astrophys. J. 644 (2006) L33 [astro-ph/0603661] [INSPIRE].
[52] C.R. Watson, J.F. Beacom, H. Yuksel and T.P. Walker, Direct X-ray constraints on sterile
neutrino warm dark matter, Phys. Rev. D 74 (2006) 033009 [astro-ph/0605424] [INSPIRE].
[53] K.N. Abazajian, M. Markevitch, S.M. Koushiappas and R.C. Hickox, Limits on the
radiative decay of sterile neutrino dark matter from the unresolved cosmic and soft X-ray
backgrounds, Phys. Rev. D 75 (2007) 063511 [astro-ph/0611144] [INSPIRE].
[54] H. Yuksel, J.F. Beacom and C.R. Watson, Strong upper limits on sterile neutrino warm
dark matter, Phys. Rev. Lett. 101 (2008) 121301 [arXiv:0706.4084] [INSPIRE].
[55] A. Boyarsky, A. Neronov, O. Ruchayskiy, M. Shaposhnikov and I. Tkachev, Where to find a
dark matter sterile neutrino?, Phys. Rev. Lett. 97 (2006) 261302 [astro-ph/0603660]
[INSPIRE].
[56] A. Boyarsky, O. Ruchayskiy and M. Markevitch, Constraints on parameters of radiatively
decaying dark matter from the galaxy cluster 1E0657-56, Astrophys. J. 673 (2008) 752
[astro-ph/0611168] [INSPIRE].
[57] A. Boyarsky, O. Ruchayskiy and M. Shaposhnikov, The role of sterile neutrinos in
– 25 –
J
H
E
P11(2013)193
cosmology and astrophysics, Ann. Rev. Nucl. Part. Sci. 59 (2009) 191 [arXiv:0901.0011]
[INSPIRE].
[58] J.F. Navarro, C.S. Frenk and S.D. White, The structure of cold dark matter halos,
Astrophys. J. 462 (1996) 563 [astro-ph/9508025] [INSPIRE].
[59] J.F. Navarro, C.S. Frenk and S.D. White, A universal density profile from hierarchical
clustering, Astrophys. J. 490 (1997) 493 [astro-ph/9611107] [INSPIRE].
[60] S. Kazantzidis et al., Density profiles of cold dark matter substructure: implications for the
missing satellites problem, Astrophys. J. 608 (2004) 663 [astro-ph/0312194] [INSPIRE].
[61] J.N. Bahcall and R.M. Soneira, The universe at faint magnitudes. I — Models for the
galaxy and the predicted star counts, Astrophys. J. Suppl. 44 (1980) 73.
[62] J. Einasto, Kinematics and dynamics of stellar systems, Trudy Inst. Astrofiz. Alma-Ata 5
(1965) 87.
[63] D. Gruber, J. Matteson, L. Peterson and G. Jung, The spectrum of diffuse cosmic hard
x-rays measured with heao-1, astro-ph/9903492 [INSPIRE].
[64] L. Bouchet et al., INTEGRAL SPI all-sky view in soft gamma rays: study of point source
and galactic diffuse emissions, arXiv:0801.2086 [INSPIRE].
[65] S.C. Kappadath et al., The preliminary cosmic diffuse ray spectrum from 800 keV to 30
MeV measured with COMPTEL, in the proceedings of the 24th International Cosmic-Ray
Conference, August 28–September 8, Rome, Italy (1995).
[66] S.C. Kappadath, Measurement of the cosmic diffuse gamma-ray spectrum from 800 keV to
30 MeV, Ph.D. Thesis, University of New Hampshire, U.S.A (1998).
[67] A.W. Strong et al., Diffuse galactic hard X-ray and low-energy gamma-ray continuum,
Astron. Astrophys. 120 (1996) 381.
[68] A.W. Strong, I.V. Moskalenko and O. Reimer, Evaluation of models for diffuse continuum
gamma-rays in EGRET range, astro-ph/0306346 [INSPIRE].
[69] A.W. Strong, I.V. Moskalenko and O. Reimer, Diffuse galactic continuum gamma rays. A
model compatible with EGRET data and cosmic-ray measurements, Astrophys. J. 613
(2004) 962 [astro-ph/0406254] [INSPIRE].
[70] Fermi-LAT collaboration, Fermi-LAT observations of the diffuse gamma-ray emission:
implications for cosmic rays and the interstellar medium, Astrophys. J. 750 (2012) 3
[arXiv:1202.4039] [INSPIRE].
[71] P. Ullio, L. Bergstrom, J. Edsjo and C.G. Lacey, Cosmological dark matter annihilations
into gamma-rays — A closer look, Phys. Rev. D 66 (2002) 123502 [astro-ph/0207125]
[INSPIRE].
[72] J.E. Taylor and J. Silk, The clumpiness of cold dark matter: implications for the
annihilation signal, Mon. Not. Roy. Astron. Soc. 339 (2003) 505 [astro-ph/0207299]
[INSPIRE].
[73] N. Arkani-Hamed, D.P. Finkbeiner, T.R. Slatyer and N. Weiner, A theory of dark matter,
Phys. Rev. D 79 (2009) 015014 [arXiv:0810.0713] [INSPIRE].
[74] C. Cheung, J.T. Ruderman, L.-T. Wang and I. Yavin, Kinetic mixing as the origin of light
dark scales, Phys. Rev. D 80 (2009) 035008 [arXiv:0902.3246] [INSPIRE].
– 26 –
J
H
E
P11(2013)193
[75] D.E. Morrissey, D. Poland and K.M. Zurek, Abelian hidden sectors at a GeV, JHEP 07
(2009) 050 [arXiv:0904.2567] [INSPIRE].
[76] J.T. Ruderman and T. Volansky, Decaying into the hidden sector, JHEP 02 (2010) 024
[arXiv:0908.1570] [INSPIRE].
[77] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys. Lett. B 166 (1986) 196 [INSPIRE].
[78] P. Galison and A. Manohar, Two Z’s or not two Z’s?, Phys. Lett. B 136 (1984) 279
[INSPIRE].
[79] J.T. Ruderman and T. Volansky, Searching for smoking gun signatures of decaying dark
matter, arXiv:0907.4373 [INSPIRE].
[80] T. Cohen, D.J. Phalen, A. Pierce and K.M. Zurek, Asymmetric dark matter from a GeV
hidden sector, Phys. Rev. D 82 (2010) 056001 [arXiv:1005.1655] [INSPIRE].
[81] J. Mardon, Y. Nomura, D. Stolarski and J. Thaler, Dark matter signals from cascade
annihilations, JCAP 05 (2009) 016 [arXiv:0901.2926] [INSPIRE].
[82] J.D. Bjorken, R. Essig, P. Schuster and N. Toro, New fixed-target experiments to search for
dark gauge forces, Phys. Rev. D 80 (2009) 075018 [arXiv:0906.0580] [INSPIRE].
[83] S. Andreas, C. Niebuhr and A. Ringwald, New limits on hidden photons from past electron
beam dumps, Phys. Rev. D 86 (2012) 095019 [arXiv:1209.6083] [INSPIRE].
[84] APEX collaboration, S. Abrahamyan et al., Search for a new gauge boson in
electron-nucleus fixed-target scattering by the APEX experiment, Phys. Rev. Lett. 107
(2011) 191804 [arXiv:1108.2750] [INSPIRE].
[85] A1 collaboration, H. Merkel et al., Search for light gauge bosons of the dark sector at the
Mainz microtron, Phys. Rev. Lett. 106 (2011) 251802 [arXiv:1101.4091] [INSPIRE].
[86] BaBar collaboration, B. Aubert et al., Search for dimuon decays of a light scalar boson in
radiative transitions Υ→ γA0, Phys. Rev. Lett. 103 (2009) 081803 [arXiv:0905.4539]
[INSPIRE].
[87] M. Pospelov, Secluded U(1) below the weak scale, Phys. Rev. D 80 (2009) 095002
[arXiv:0811.1030] [INSPIRE].
[88] H. An, M. Pospelov and J. Pradler, New stellar constraints on dark photons, Phys. Lett. B
725 (2013) 190 [arXiv:1302.3884] [INSPIRE].
[89] J. Redondo and G. Raffelt, Solar constraints on hidden photons re-visited, JCAP 08 (2013)
034 [arXiv:1305.2920] [INSPIRE].
[90] J. Redondo and M. Postma, Massive hidden photons as lukewarm dark matter, JCAP 02
(2009) 005 [arXiv:0811.0326] [INSPIRE].
[91] J. Hewett et al., Fundamental Physics at the Intensity Frontier, arXiv:1205.2671
[INSPIRE].
[92] R.E. Shrock, Electromagnetic properties and decays of Dirac and Majorana neutrinos in a
general class of gauge theories, Nucl. Phys. B 206 (1982) 359 [INSPIRE].
[93] O. Ruchayskiy and A. Ivashko, Experimental bounds on sterile neutrino mixing angles,
JHEP 06 (2012) 100 [arXiv:1112.3319] [INSPIRE].
[94] S. Dodelson and L.M. Widrow, Sterile-neutrinos as dark matter, Phys. Rev. Lett. 72 (1994)
17 [hep-ph/9303287] [INSPIRE].
– 27 –
J
H
E
P11(2013)193
[95] A. Kusenko, Sterile neutrinos, dark matter and the pulsar velocities in models with a Higgs
singlet, Phys. Rev. Lett. 97 (2006) 241301 [hep-ph/0609081] [INSPIRE].
[96] K. Petraki and A. Kusenko, Dark-matter sterile neutrinos in models with a gauge singlet in
the Higgs sector, Phys. Rev. D 77 (2008) 065014 [arXiv:0711.4646] [INSPIRE].
[97] A.Y. Smirnov and R. Zukanovich Funchal, Sterile neutrinos: direct mixing effects versus
induced mass matrix of active neutrinos, Phys. Rev. D 74 (2006) 013001 [hep-ph/0603009]
[INSPIRE].
[98] A. Dolgov and F. Villante, BBN bounds on active sterile neutrino mixing, Nucl. Phys. B
679 (2004) 261 [hep-ph/0308083] [INSPIRE].
[99] K. Kainulainen, J. Maalampi and J. Peltoniemi, Inert neutrinos in supernovae, Nucl. Phys.
B 358 (1991) 435 [INSPIRE].
[100] T. Moroi, H. Murayama and M. Yamaguchi, Cosmological constraints on the light stable
gravitino, Phys. Lett. B 303 (1993) 289 [INSPIRE].
[101] T. Moroi, Effects of the gravitino on the inflationary universe, hep-ph/9503210 [INSPIRE].
[102] F. Takayama and M. Yamaguchi, Gravitino dark matter without R-parity, Phys. Lett. B
485 (2000) 388 [hep-ph/0005214] [INSPIRE].
[103] G. Moreau and M. Chemtob, R-parity violation and the cosmological gravitino problem,
Phys. Rev. D 65 (2002) 024033 [hep-ph/0107286] [INSPIRE].
[104] W. Buchmu¨ller, L. Covi, K. Hamaguchi, A. Ibarra and T. Yanagida, Gravitino dark matter
in R-parity breaking vacua, JHEP 03 (2007) 037 [hep-ph/0702184] [INSPIRE].
[105] L.J. Hall, K. Jedamzik, J. March-Russell and S.M. West, Freeze-in production of FIMP
dark matter, JHEP 03 (2010) 080 [arXiv:0911.1120] [INSPIRE].
[106] C. Cheung, G. Elor and L. Hall, Gravitino freeze-in, Phys. Rev. D 84 (2011) 115021
[arXiv:1103.4394] [INSPIRE].
[107] L.J. Hall, J.T. Ruderman and T. Volansky, A cosmological upper bound on superpartner
masses, arXiv:1302.2620 [INSPIRE].
[108] P. Langacker, The standard model and beyond, CRC Press, Boca Raton, U.S.A. (2010).
[109] J.F. Beacom, N.F. Bell and G. Bertone, Gamma-ray constraint on Galactic positron
production by MeV dark matter, Phys. Rev. Lett. 94 (2005) 171301 [astro-ph/0409403]
[INSPIRE].
[110] B.S. Hensley, V. Pavlidou and J.M. Siegal-Gaskins, Novel techniques for decomposing diffuse
backgrounds, Mon. Not. Roy. Astron. Soc. 433 (2013) 591 [arXiv:1210.7239] [INSPIRE].
– 28 –
